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Introduction
P-type materials have the ability to donate an electron, making them very useful for electronic applications, sensors, p-n heterojunctions and other such devices. [1] Gelation using small molecules has been shown to be an effective way of selfassembling these electronically active materials into highly ordered long-range assemblies. [2] This is advantageous as the self-assembled structures can act like molecular wires, often called nanowires, with charges traveling in one direction. [3] This can even be enhanced further by aligning the gel fibers by shear giving directionally dependent activity. [4] Gelation also offers the possibility of covering large areas, 3D-printing and, www.advancedsciencenews.com www.mrc-journal.de
Results and Discussion
Solutions of 1 and 2 were prepared at a concentration of 5 mg mL −1 and 3 at a concentration of 10 mg mL −1 (3 had a higher minimum gelation concentration than 1 and 2 and so did not form a gel at 5 mg mL −1 ) in water. 2 needed 1 equivalent of 0.1 m NaOH and 1 and 3 required 2 equivalents of 0.1 M NaOH in order to deprotonate the carboxylic groups and become soluble in water. This results in solutions with a pH of 8 (solutions 1 and 2) or 10 (solution 3). All solutions were freeflowing with a yellow/brown color. Viscosity measurements of solutions of 1 and 3 showed that these were not viscous and showed little or no shear thinning behavior suggesting there is little structure in the solutions. As the viscosity of the samples is so low, this leads to noisy data at low shear rates as seen for solution 3. (Figure S1a-c Supporting Information). The solution of 2 was found to be much more viscous than the other two samples and showed shear thinning behavior indicating the presence of worm-like micelles in solution ( Figure S1b , Supporting Information). [12] The solutions at high pH were characterized by small angle X-ray scattering (SAXS). The solution of 1 at high pH scatters weakly ( Figure S2a , Supporting Information). The data at high Q can fit to a sphere model, with the fit suggesting a radius of 1.52 ± 0.04 nm. These data suggest that 1 exists primarily as free molecules at high pH, which is consistent with the viscosity data (above). At high pH, the solution of 2 scatters much more strongly than the solutions of either 1 or 3. The scattering data for the solution of 2 ( Figure S2a , Supporting Information) are best fitted to an elliptical cylinder with a radius of 3.24 ± 0.03 nm, a radius ratio of 4.07 ± 0.01, and a length of 418.4 ± 30.2 nm. Again, this agrees with the high viscosity of the solution of 2 as compared to that of 1 or 3. The solution of 3 at high pH scatters weakly ( Figure S2c , Supporting Information). As for 1, the data at high Q can be fitted to a sphere model, with a radius of 1.82 ± 0.03 nm. The scattering at low Q is effectively a power law. We have observed similar data previously for an oligo(phenylvinylene)-based gelator at high pH, [15d] and we assigned the data to the coexistence of free molecules (which scatter like spheres) and a small fraction of weakly scattering worm-like micelles. This too would be consistent with the viscosity data (see above). Scanning electron microscopy (SEM) was used to image dried solutions of 1-3. No defined structures could be imaged for solutions 1 or 3 which agree with the scattering and viscosity data that also suggest the lack of persistent self-assembled www.advancedsciencenews.com www.mrc-journal.de species at this pH. The solution of 2 showed the presence of fibrous like structures, but due to the size of the structures and drying effects they were not very clear ( Figure S3 , Supporting Information). [16] To form gels, 2 mL of each solution was added to a vial containing 10 mg of GdL. The solution and GdL were shaken gently to ensure the GdL had dissolved. The samples were then left overnight to gel. This resulted in samples that were stable to inversion with a pH of around 3.3. Strain and frequency sweeps were then performed on the gels. 1, 2, and 3 were found to form gels with very reproducible rheological properties ( Figures S4-S6 , Supporting Information). All gels broke with strain and showed little dependence on frequency which is typical for low molecular weight gels. [17] Gel 1 was found to have the highest storage modulus (G′) and loss modulus (G″) of 8000 and 1000 Pa, respectively. The gel began to yield at 3% strain and flowed at 30% strain ( Figure S4 and Table S1 , Supporting Information). Gel 3 was the weakest, with a G′ and G″ of 300 and 30 Pa, respectively and yielded at 10% strain ( Figure S6 and Table S1 , Supporting Information).
The gelation kinetics were measured along with the change in pH (Figures S7-S9, Supporting Information). All three gels showed different gelation kinetics; typically these are dependent on the pK a of the assembled gelators as we have shown before for related gels. [10b,17a] An increase in both G′ and G″ starts when the pH reaches that of the apparent pK a of the self-assembled structure. [8a,17a] G′ and G″ evolve in different stages, driven by the changes in pH, before reaching a plateau. For example, 1 started to gel after 20 min (as shown by G′ and G″ starting to increase) when the pH of the system was at 6.2, which is consistent with the measured pK a of the system. There is a second increase of G′ and G″ at 100 min, indicating another stage of assembly has started to occur as we have seen in other LMWGs (Figure 2a ; Figure S7 , Supporting information).
[5a] The sample was completely gelled after 17 h when the system was at pH 3.1. 2 started to assemble at pH 7.2 (around the pK a ) and had more steps in the assembly after 70 min and 100 mins where G′ and G″ increased further ( Figure S8 , Supporting Information). The gelation was complete after 16 h at pH 3.3. 3 had more unusual gelation kinetics; this could be due to the molecule having two apparent pK a s ( Figure S9b , Supporting Information), unlike the other two gelators which only have one. The sample started to assemble at pH 7.4 after 1 min, where the pH was around the first pK a of the gelator. G′ and G″ then plateau at around 100 min and pH 5.6, the second pK a of the gelator. After this point, the pH continues to decrease. G′ and G″ also decrease before increasing again at pH 5 at around 300 min (Figure 2b ; Figure S9 , Supporting Information). G′ and G″ finish increasing after 33 h where the gel has a final pH of 4.2. These different stages in the gelation can be linked to fiber entanglement, associations or even rearrangement, but are still not fully understood. [2b,18] pK a and gelation kinetics are important when designing coassembled or self-sorted systems. [9] Changes in structure of the gel during gelation could be monitored and explored further with the use of kinetic SAXS experiments, NMR and kinetic UV-vis absorption experiments. As we are interested in the end properties of our gels we have not investigated this further.
We again characterized the gels using SAXS and SEM. The fits to the SAXS data imply that the gels are formed by the entanglement of long anisotropic structures in each case. The scattering data from a gel of 1 can be fitted to a cylinder model ( Figure S2a , Supporting Information), although polydispersity has to be incorporated for a satisfactory fit. The fit implies that the radius is 3.41 ± 0.24 nm, with a polydispersity of 0.61, with a length of 387.5 ± 23.7 nm. The scattering data for the gel of 2 ( Figure S2b , Supporting Information) is best fitted to an elliptical cylinder with a radius of 3.24 ± 0.03 nm, a radius ratio of 4.07 ± 0.01, and a length of 418.4 ± 30.2 nm. The data for the gel of 2 fits best to a model that combines a power law and a cylinder. Alternatives such as the flexible cylinder model, elliptical cylinder, or hollow cylinder (in all cases with or without a power law component) do not adequately capture the data. The fit suggests that the cylinders have a radius of 3.42 ± 0.05 nm, with a length of 136.2 ± 7.8 nm. The gel of 3 scatters much more strongly than the solution ( Figure S2c , Supporting Information). The data can be fitted to a flexible cylinder model, although again polydispersity needs to be included in the radius to capture the data effectively. The fit implies that the radius is 3.06 ± 0.11 nm, with a polydispersity of 0.31. The Kuhn length is 5.58 ± 0.63 nm, with the length being 303.6 ± 4.3 nm. Again, the quality of the fit is relatively insensitive to the length.
SEM images show that all the gels consist of a fibrous network. The SEM images for gel 1 shows an entangled network with fibre diameters of 24 ± 5 nm, which are more than double the diameters expected from the fits to the SAXS data ( Figure S10a-c www.advancedsciencenews.com www.mrc-journal.de aggregation upon drying, [16] or because the SAXS is not sensitive to the larger structures, but rather the primary fibers. Gel 2 however showed bundles of fibers, which again could be a result of drying ( Figure S10b , Supporting Information). [16] UV-vis absorption spectra were collected for the solutions, dried solutions, gels, and xerogels. In solution, 1 has a peak at 410 nm with a shoulder at 440 nm ( Figure S11a , Supporting Information). When gelled, these peaks broaden due to increased aggregation; again, this is typical for many such gelators. [19] Interestingly, new peaks are formed at 650 and 1000 nm. This results in a visual change from a yellow/brown solution to a dark green gel. The literature suggests this could be from the production of the radial cation. [20] To investigate this further, the gel was irradiated with a 410 nm LED for 10 min. These peaks increased in intensity, suggesting they were from the radical cation formation and daylight was enough to form the radical cation to some degree (Figure 3a) . Electron paramagnetic resonance (EPR) spectroscopy was performed on the gels to further support the presence of the radical cation (Figure 3b) . EPR showed the presence of radical anion with no defined splitting meaning it was delocalized over the molecule. When the solution of 1 was irradiated for 10 min, no extra peaks were seen in the UV-vis absorption spectrum, but the EPR showed a very small amount of radical present in solution. The amount of radical present in solution compared to that of the gel was 3%. (Figure S12 , Supporting Information). The viscosity and SAXS data show there is little structure at high pH, but when the pH is lowered to form the gel persistent structures are formed. It therefore appears that the ability to form the radical cation photochemically depends on the aggregation state of the molecules, linking with previous observations. [21] This is further demonstrated by drying; when the solution of 1 is dried to form a thin film, the peaks again broaden, red shift and a shoulder peak at 390 nm is now visible ( Figure S11b, Supporting Information) . Like the wet gel, a peak at 650 nm appears on drying, suggesting that the radical cation in stable in the wet gel and dried film, but not the solution.
In the solution of 2, there are three peaks at 470, 390, and 300 nm ( Figure S13a , Supporting Information). Upon gelation, these peaks red shift slightly, again suggesting H-type aggregation. When dried to a thin film or a xerogel, the peaks are in the same position but the peaks are broader due to drying effects ( Figure S13b, Supporting Information) . The small change in the spectra agrees with the viscosity and SAXS data, which showed similar structures at both high and low pH. The solution of 3 has a peak 380 nm as does the dried solution of 3 ( Figure S14 , Supporting Information). On gelation, there is an additional shoulder peak at 420 nm for both the wet gel and xerogel. This suggests there is a change in aggregation from the solution to gel, which agrees with the viscosity and SAXS data, which also show there is little structure at high pH and then fibers at low pH.
The conductivity of each xerogel and dried solution was measured using a 2 electrode IV experiment, where the voltage is changed and the current across the sample measured. [22] 10 µL of either the solution or gel was dried in a 3 mm × 3 mm mask to form a thin film of material. Silver electrodes were placed either side of the sample and attached to copper wire, which were connected to a potentiostat. The current was then measured between −4 and 4 V. Prior to the measurements, the quality of all of the films was determined by imaging the samples using cross-polarized optical microscopy to ensure a contiguous pathway. All of the samples showed Ohmic contact and were highly resistive as expected. To test their suitability as p-type materials, the current was measured again after the samples had been doped by exposure to an atmosphere of iodine (Figures S15-S17, Supporting Information). [14j,15b] All of the samples showed a similar decrease in resistivity upon exposure to iodine vapor. The dried solutions showed a greater response to the iodine in all of the samples (Figure 4a,b) . We have seen similar behavior with n-type materials such as perylene diimides where the dried solutions showed higher conductivity than the dried gels, which we have attributed to the solutions containing more aligned structures than the gels. However, the differences could also be due to the more entangled, dense nature of the fibers in the gels meaning that the iodine cannot fully penetrate the dried network. [22] The dried solution of 2 showed the greatest response to iodine by two orders of magnitude, suggesting this sample could act as an effective p-type material (Figure 4a ). The solution of 2 may have shown the greatest response as it had worm-like micelles present in solution, unlike 1 and 3. The worm-like micelles would provide a continuous path for the electrons to travel, whereas the samples with no structures present it would be more www.advancedsciencenews.com www.mrc-journal.de difficult for the electrons to travel through the sample. This would lead to a recombination of the charges rather than conductivity. Xerogel 3 showed the greatest response for the gel samples. This may be due to the morphology of the fibers. Xerogels 1 and 2 fit to cylinder models from the SAXS, whereas xerogel 3 fits to a flexible cylinder model. However, we again highlight that the conductivity for the xerogels is significantly lower than for the dried solutions. Comparing to similar systems is however difficult, as the experiment set up can alter the results dramatically. The Ulijn group have prepared a TTFbased organogel, which was found to have a conductivity of 4 nA at 4 V upon exposure to iodine.
[14j] Our TTF-based gel (gel 2) shows a value less than this, as does gel 1, but gel 3 shows similar values. The solutions however all show similar or greater conductivities than the TTF organogel, and in the case of the solution of 2, significantly greater conductivities. Again, directly comparing with other values in the literature if difficult, but we can clearly see from our data that the solutions are more conductive than our xerogels.
Conclusions
We have prepared new amino acid functionalized p-type gelators based on oligo(phenylenevinylene), tetrathiafulvalenes, and terthiophene cores. Gelation was achieved using a slow pH drop with the hydrolysis of GdL, resulting in highly reproducible gels as shown in the rheological data. When dried into films, all of the samples showed improved conductivity upon exposure to iodine as either dried solutions or xerogels, showing they have some p-type behavior. The solutions in general had a better response than the corresponding xerogels, with 2 being the most responsive solution. This could be due to 2 having worm-like micelles present in solution, as seen by scattering, optical microscopy, and SEM and so having a more continuous path for charges to travel along with less chance of recombination. The xerogels do have these fibers as seen in the scattering data, but from the SEM it can be seen these are not ordered and are randomly orientated and so there is not a direct path for charges, and so increasing the chance of recombination. With the fibrous network being entangled, it could also be that the iodine could not diffuse effectively into the film. Overall, these three new hydrogelators show potential to be used in p-type systems, and could further be potentially used in p-n systems tuned by using an appropriate n-type hydrogelator and designing and controlling the gelation carefully. The terthiophene based gelator was able to form a highly stable radical cation in both the wet gel and the xerogel. This stable radical cation is stabilized by the aggregation of the molecules and is not formed in the solution, showing how important the local molecular packing is for tuning the properties of the self-assembled aggregates. This easily formed stable radical cation could be further used in reactions as well as in electronic materials.
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